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The optimization of a mixed refrigerant liquefaction process is a challenge because of its non-linear
characteristics with stringent multiple process constraints. This study proposes a novel hybrid
approach for the optimization of a newly developed, modiﬁed single mixed refrigerant process of natural
gas liquefaction targeted for offshore applications. This contribution focuses on interpreting the geometric pattern of a plot of the temperature difference between the hot and cold composite curves in a
cryogenic heat exchanger to understand the profound effects of the ﬂow rates of the individual refrigerant components and the operating pressure on the liquefaction efﬁciency. From this, an effective
method to generate a proper initial approach temperature proﬁle was developed to ensure robust
convergence of the main optimization step. An enhanced coordinate descent methodology was implemented in the main optimization procedure to accelerate the optimization of the modiﬁed single mixed
refrigerant liquefaction process. The proposed knowledge-inspired hybrid optimization approach
showed a robust convergence on determining the optimal design condition. The total energy requirement for natural gas liquefaction cycle was reduced by 21.9% compared to the base case. The proposed
methodology can be extended directly to solve optimization problems for other mixed refrigerant based
natural gas liquefaction processes.
© 2016 Elsevier B.V. All rights reserved.
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1. Introduction
Natural gas (NG) is in increasing demand because it is a clean,
reliable, and economical source of energy (Kumar et al., 2011). To
reduce the huge initial investment cost for the construction of
pipelines, NG must be liqueﬁed and transported by LNG carriers
(Maxwell and Zhu, 2011). Studies of NG liquefaction have focused
on typical liquefaction processes, such as the nitrogen expander
process, the cascade process, and the mixed refrigerant (MR) process. Among them, MR systems are employed in many industrial
applications. Unlike the constant temperature boiling of a pure
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refrigerant, the mixed refrigerant consists of several hydrocarbon
components that allow it to evaporate over a wide temperature
range (Venkatarathnam, 2011). This results in greater ﬂexibility in
matching the NG cooling and MR heating curves. As a result, the
irreversibility in the heat transfer is reduced and the energy efﬁciency for liquefaction is increased without increasing the heat
transfer area. Several well-known MR liquefaction processes are
available, including Single Mixed Refrigerant (SMR) (Swenson,
1977), propane precooled Mixed Refrigerant (C3MR), Dual Mixed
Refrigerant (DMR), and MR cascade cycle (Venkatarathnam, 2011).
Furthermore, the Modiﬁed Single Mixed Refrigerant (MSMR) process has been newly developed based on the concept of the SMR
process and it is expected to be a novel design for offshore plants
(Lee et al., 2012). In the MSMR process, only the MR stream is
separated into two parts to improve the liquefaction of NG in both
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the pre-cooling and sub-cooling sections. A closely matched hot
and cold composite curves in the heat transfer provides higher
energy efﬁciency than the performance of the conventional SMR
cycle. Moreover, this liquefaction process decreases the number of
compressors signiﬁcantly compared to that of the C3MR and DMR
process. Therefore, the MSMR process provides a high energy efﬁciency and compact structure for a limited area, which is very
important in the design of offshore plants.
It is well known that the overall performance and economics of
the MR systems for a given process structure are largely affected by
the optimization of design and operating conditions. However, how
to ﬁnd the optimal composition of a mixed refrigerant and its
operating conditions in a robust manner is a challenging issue
because of its highly non-linear and interactive characteristics with
stringent multiple process constraints. Thus, many studies have
been carried out to solve this problem (Austbø et al., 2014). A few of
them applied mixed-integer non-linear programming (MINLP)
model development and optimization because a large number of
complicated thermodynamic equations causes major difﬁculties in
ﬁnding a meaningful convergence solution (Duvedi and Achenie,
1997; Hasan et al., 2009; Nogal et al., 2008; Wang et al., 2012).
An optimization methodology applied to MR systems should account for the fact that the performance of these cycles is difﬁcult to
control over a gradient of the optimized parameters; thus, the
search methods are preferably gradient-free (Xu et al., 2013). Lee
et al. (2002) employed non-linear programming (NLP) to minimize the temperature difference between the real cold composite
curve and its “pseudo-cold” curve; nevertheless, non-simultaneous
optimization of the decision variables renders the process ineffective for higher dimensional problems. Aspelund et al. (2010) combined Tabu Search (TS) and Nelder-Mead Downhill Simplex
(NMDS) methods connected to Aspen Hysys to optimize PRICO
process. Among the stochastic search methods applied for optimizing LNG systems, genetic algorithm (GA) becomes the most
popular because they do not depend on starting point and many
free source open codes are available (Austbø et al., 2014;
Cammarata et al., 2001; Li et al., 2012; Xu et al., 2013).
Alabdulkarem et al. (2011) applied GA for the optimization of C3MR
process which is conducted with different pinch temperatures.
Recently, Moein et al. (2015) also applied GA to optimize APCI (Air
Products and Chemicals, Inc.) process. Khan and Lee (2013) utilized
particle-swarm optimization (PSO) methodology to search the
optimal solution of SMR process. In their work, the PSO algorithm
was coded in MATLAB and linked to Unisim.
Although the stochastic search methods such as GA and PSO
have shown a promising potential, they often expose the limitation
in optimization of a very complex system as MSMR process where
maintaining a population of a number of candidate solutions in GA
methods is a troublesome issue. In this case, GA methods are normally terminated in the infeasible region before obtaining a
meaningful solution. To avoid the infeasible conditions, Khan et al.
(2013) proposed a knowledge-based optimization (KBO) method.
They optimized the MR system by analyzing a plot of the temperature difference between the composite curves (TDCC). Nevertheless, depending on the interaction of the variables in the particular
MR system, the KBO method may have difﬁculties in overcoming a
local optimum. The process studies reported in this paper were
addressed previously by Park et al. (2015). They compared the
performance of their proposed coordinate descent algorithm with
other available algorithms and concluded that their approach performs well compared to several other algorithms. Coordinate
descent algorithms are simple but effective, which can be implemented easily by changing one variable at a time (Nesterov, 2012).
On the other hand, the convergence proof of optimizing the MSMR
process was not provided.

The optimization method employed in this study is based on the
Coggin algorithm (Coggins), which is one of the typical univariate
optimization methods (Mize, 1973). Coggins is a well-known
method to reduce the number of function evaluations but very
few studies have extended it to multivariable optimization and
applied it to real optimization problems (Bamigbola and Agusto,
2004). In fact, the convergence of the optimization problem in
liquefaction processes employing a coordinate descent algorithm
depends mainly on both of the initial point, the search space and
the search sequence of variables. In this study, the multivariate
Coggin’s method was combined with an analysis of the TDCC plot of
MR systems for generating a good initial point and selecting the
optimal search sequence to obtain robust convergence. This
developed knowledge is expected to be useful for ﬁnding the
optimal solution of other related MR systems.
2. MSMR process modeling and simulation assumptions
Aspen Hysys version 8.4 was used to model and simulate the
MSMR process. The Peng-Robinson equation of state, which is
suitable for the gas process and petrochemical applications, was
selected as the thermodynamic property method. Table 1 lists the
main parameters of the steady-state MSMR process simulation.
Fig. 1 presents the process ﬂow diagram of the MSMR liquefaction cycle. The cryogenic exchange of the process includes two
parts, pre-cooling (HX1) and sub-cooling (HX2). First of all, the NG
stream is compressed to 80 bar by a compressor NG booster. The NG
stream then enters the precooling section at 26  C, where it is
cooled to 27.1  C. After being precooled, the NG stream is subcooled to 149.8  C; the stream is completely liqueﬁed under this
condition. Table 1 lists the composition of the NG stream.
The MR stream comprises four single refrigerant components,
such as nitrogen (N2), methane (C1), ethane (C2), and propane (C3).
The stream is ﬂashed into two parts: a heavy part of mixed
refrigerant liquid (MRL) and a light part of mixed refrigerant vapor
(MRV). The pressure of this stream can be adjusted in the range,

Table 1
Operating condition of the base case in the MSMR process simulation.
Property
“NG to HX1” condition
Temperature ( C)
Pressure (bar)
Flow rate (kg/h)
NG composition (mole fraction)
Methane
Ethane
Propane
i-Butane
n-Butane
Nitrogen
LNG production condition

Temperature ( C)
LNG Tank Pressure (bar)
Boil-off gas vapor fraction (%)
Compressor isentropic efﬁciency
Vapor liquid equilibrium
Enthalpy calculations
Pressure drops across LNG heat exchanger
LNG exchanger HX1
NG to HX1 to NG from HX1 (bar)
MRV to MRV from HX1 (bar)
MRL to Inlet of V1 (bar)
Outlet of V1 to 1 (bar)
LNG exchanger HX2
NG from HX1 to In of End Flash Valve (bar)
MRV from HX1 to Inlet of V2 (bar)
Outlet of V2 to 2 (bar)

Condition
26
80
1.0
0.9318
0.0505
0.0109
0.0008
0.0005
0.0055
159.4
1.20
6.35
0.83
Peng-Robinson
Lee Kestler

4.5
4.5
4.5
0.1
5.5
5.5
0.1
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Fig. 1. Process ﬂow sheet of MSMR liquefaction cycle.

50e70 bar. The MRL stream reduces its temperature to 27.1  C
through the HX1 and then it is expanded to the middle pressure,
approximately 12e14 bars. The stream returns to the HX1 as the
cold stream in the precooling section. Similarly, the MRV stream is
liqueﬁed at the heat exchanger HX2 and reaches the output temperature of approximately 149.8  C. The MRV stream expands
through the valve V2 to the low pressure by 2e4 bars and becomes
the cold stream of HX2. In the next section, both MR streams are
compressed to approximately 29e31 bar before being cooled and
combined to form the MR stream for recycling. The temperature of
the two output streams of HX1 and the temperatures of three
output streams of HX2 are required to be 27.1  C and 149.8  C
respectively. Using the MRL and MRV streams to liquefy NG through
two separate sections, the MSMR process has taken the efﬁciency
advantage of the DMR process.
3. Optimization objective, decision variables and design
constraints
The ﬂow rate of the individual refrigerants and MR system
pressures have a major impact on the energy consumption and
irreversibility of the LNG process. Therefore, they are chosen as the
decision variables for optimizing the MSMR liquefaction cycle. For
each LNG heat exchanger, the MR system pressure involves the
condensation/evaporation pressures of the MR, which are also
called the high/low pressures. In the MSMR process, there are four
MR system pressures (shown in Fig. 1). Phigh is the pressure of the
MR stream to the ﬂash drum V-100, whereas Plow1 and Plow2 are the
evaporation pressures of the MRL and MRV streams after two
cryogenic heat exchangers, HX1 and HX2, respectively. Pmid is the
pressure of stream MR Mid. Furthermore, in the NG liquefaction
process, some important design constraints must be satisﬁed. The
minimum internal temperature approach (MITA) value of the
cryogenic heat exchanger must not be lower than 3  C. In addition,
to guarantee the normal operating condition of the compressors,
the inlet streams should not contain any liquid, especially for the
compressors Comp LP and Comp MP. Therefore, the temperature of
these streams must be higher than their dew point temperatures.
The objective of the optimization in this study aims to minimize
the speciﬁc compression energy demand.

Min f ðXÞ ¼ Min:

4
X

Wi =mLNG



(1)

i¼1

subject to:

DTmin1 (X)  3; DTmin2 (X)  3

(2)

DT1 (X)  2; DT2 (X)  2

(3)

where X is the vector of decision variables, X ¼ {Phigh, Plow1, Plow2,
Pmid, zN2, zC1, zC2, zC3}.
Phigh, Plow1, Plow2, and Pmid denote the operating pressures as
stated previously, and zN2, zC1, zC2, and zC3 denote the mass ﬂows of
the refrigerant components in the MR stream. DTmin1 and DTmin2
represent the MITA value of HX1 and HX2 respectively, while DT1
and DT2 are the temperature difference between the outlet temperatures of HX1 and HX2 and their dew point temperatures.
As shown in Fig. 1, the MSMR process involves four compressors.
In the optimization process, however, the compressor duty of the
NG booster is not changed because the condition of the NG stream is
ﬁxed in the entire process. To reduce the number of constraints,
only constraints (2) were examined when coding the optimization
program through a checking constraint function. To avoid violating
constraints (3), these constraints were examined in choosing the
starting point or adjusting the optimization result.
4. Analysis of the TDCC plot of the MSMR process
The inﬂuence of the decision variables on the liquefaction
behavior inside the heat exchangers was studied by analyzing a plot
of TDCC. Note that the temperature difference between the hot and
composite curve is also known as the approach temperature (AT) of
the LNG heat exchanger. Furthermore, both heat exchanger sections
in the MSMR process (HX1 and HX2) have multiple hot streams but
only one cold stream. Therefore, in this study, the TDCC plots of the
cold composite curves were utilized to demonstrate the condensation and evaporation inside the heat exchangers when altering
the decision variables. The TDCC plots of the cold composite curves
in the two heat exchangers (HX1 and HX2) were divided into regions with different gradients (see Figs. 2 and 3).
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MRL stream is required to leave HX1 as a superheated vapor stream
before entering the compressor Comp MP. Furthermore, the outlet
temperature of the three hot streams from HX1 must be maintained
at the same temperature by 27.1  C. These constraints cause major
difﬁculty in ﬁnding the optimal conditions of this section.
4.2. Sub-cooling heat exchanger

Fig. 2. TDCC plot of the cold composite of HX1 of base case 1.

Fig. 3. TDCC plot of the cold composite of HX2 of base case 1.

4.1. Pre-cooling heat exchanger
In the precooling part, the inlet cold stream (MRL stream)
contains mostly C2 and C3. The vaporization region of C2 and C3
were observed in regions (1) and (2) (see Fig. 2). In region (3), the
mixture vaporized completely at the circled point, which demonstrates that the TDCC plot begins to descend linearly. For safety, the

The natural gas liquefaction occurs mainly in the heat exchanger
HX2 (Fig. 3a). The hot stream initially supplies the heat for the cold
stream to vaporize the remaining N2 in the liquid phase. When the
temperature of the cold stream approaches the boiling point of C1,
the heat that this stream absorbed from the hot streams is used
mainly to vaporize C1 in the mixture until most C1 exists in the
vapor phase. During this stage, the temperature of the cold stream
does not change considerably while the temperature of the hot
streams is decreasing gradually due to the loss of heat. This causes
an increase in the temperature difference between the hot and cold
streams, see the region (5) in Fig. 3b. In region (6) of Fig. 3b, in
addition to vaporizing the remaining C1, the cold stream receives
heat from the hot stream to heat other components in the liquid
phase, which leads to a decrease in the driving force for heat
transfer. The same phenomenon is observed with other components in the MR and produces the different regions in the TDCC plot
(Fig. 3a). Therefore, the TDCC plot provides an important information on the evaporation of individual refrigerant compositions in
the MR stream. For example, the concentration of C1 in the MR is
correlated with the height of the respective peak in regions (5) and
(6). In Fig. 3a, the difference in the approach temperature in region
(8) is not as substantial as in region (6), which indicates that the
evaporation of C1 and C2 occurs more independently while the
overlap of evaporating C2 and C3 is observed. Furthermore, both C2
and C3 are vaporized vigorously in region (9). This information is
highlighted in Fig. 4, which illustrates the distribution of MR
components in the vapor phase of HX2. In particular, the peak of C2
is close to the peak of C3, whereas it is far from the peak of C1.
Moreover, Table 2 lists the sensitivity of the MR components along

Fig. 4. Gain distribution of the MR components in vapor phase in HX2 of base case 1.
Table 2
Temperature distribution range of the MR components in HX2.
MR component

Distribution range ( C)

Nitrogen
Methane
Ethane
Propane

160 to 120
145 to 100
100 to 50
65 to 50
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the heat exchanger length. Regarding this knowledge of the evaporation of the individual component in the MR mixture, an efﬁcient
approach was proposed to generate the starting point for optimization of the MSMR liquefaction process.
5. Procedure for obtaining a good starting point for the
optimization
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(2013) and the analysis stated in the previous section of this
study. Several manual adjustments were implemented with
knowledge of the inﬂuence of each variable in the performance of
the process. The corresponding composition of the refrigerant
mixture was altered according to the temperature region of the
peak that needs to be adjusted.
5.2. MITA values of starting point

The natural gas liquefaction occurs mainly in the sub-cooling
heat exchanger; hence, the starting point was chosen based on
the condition of this equipment. The adjustment of each optimization variable was targeted to minimize the speciﬁc energy consumption in this process. This means that the sum of the crossover
area in Fig. 5 should have the smallest value of the optimal solution.
Moreover, in the coordinate descent methodology, only one variable can be changed at one time until one of the constraints is
violated. Therefore, it is difﬁcult for the optimizer to implement any
movement of the variables from base case 1 because the MITA
values of the two heat exchangers are almost 3  C (shown in Fig. 5).
Simultaneously, some special criteria of the starting point should be
satisﬁed to ensure further improvement of the objective function
deﬁned by Eq. (1).
5.1. The shape of the TDCC plot
The gap between the TDCC plot and the constraint line
(AT ¼ 3  C) is expected to decrease during the optimization.
Nevertheless, the ﬂow rates of the refrigerants change in the
optimization without any knowledge of the shape of the TDCC plot.
Therefore, the starting condition with the zigzag TDCC plots cannot
provide a robust result because the sum of the crossovers normally
is large at the end of optimization. One simple solution for this
problem is that the starting point with the smooth TDCC plots
should be utilized. In addition, the cases with the lower ﬂow rates
of light MR components (N2, C1, and C2) require less compression
energy. Therefore, a search from the lowest boiling point to the
highest boiling point MR composition is obviously the best
sequence. During the optimization procedure, if the MITA is
observed in the range of low boiling point temperature components, the ﬂow rates of heavier components can be changed. For
this reason, to obtain the “perfect” starting point, the best shape of
the TDCC plot should have a stepped shape. Fig. 6 presents the
TDCC plot of the adjusted base case for a desirable starting point. To
obtain the desirable condition, the ﬂow rates of the refrigerants
were adjusted based on the KBO method proposed by Khan et al.

During the search, if one of the constraints is violated, a search
on the next direction is implemented. Therefore, the MITA values of
the starting condition should be large enough to execute further
movements (DTmin1, DTmin2 should be around 5e8  C). On the other
hand, if these values are large, the shape of TDCC plot can change
unexpectedly in the optimization procedure. To adjust the MITA
values without affecting the shape of the TDCC plot, the pressure
levels are normally changed. The easiest way is tuning the level of
the evaporation pressure.
5.3. Avoiding the liquid phase in the inlet stream of the compressor
In the minimization of the objective function, the search engine
disregards the shape of the TDCC plot. As a result, it may produce an
inappropriate condition that would cause liquid phases in the inlet
streams of the compressors. Therefore, this feature should be
considered carefully when generating the starting point. The difference between the actual temperature of the outlet stream of the
heat exchanger and its dew point temperature must be greater than
2  C and it is detected in the TDCC plot by the line segment after the
circled point (shown in Figs. 2 and 3a). If the line segment is not
recognized in the TDCC plot, MR stream is not vaporized
completely in that section and the corresponding value of DT1 or
DT2 is lower than zero (as seen in Fig. 9). In case that the DT1 or DT2
values of the optimal result are below but close to zero, several
solutions can be considered to adjust these values to acquire a
reasonable point.
An arbitrary starting point will be qualiﬁed to satisfy above
criteria to obtain a better convergence of optimization. Fig. 7 shows
a plot of the gain distribution of the MR components in the vapor
phase of HX2 of base case 2.
In the base case 1, an overlap of the evaporation of C2 and C3
was observed at the end warm part of HX2 (Fig. 4). Both C2 and C3
were vaporized completely at approximately 54  C where the
amounts of these components in the vapor phase are constant. As a
result, any change in the ﬂow rates of C2 and C3 will have a huge

Fig. 5. TDCC plot of the two heat exchangers of base case 1.
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Fig. 6. TDCC plots and composite curves of the two heat exchangers of base case 2.

6. Description of the multivariate Coggin’s methodology

Fig. 7. Gain distribution of the MR components in the vapor phase of HX2 of base case 2.

impact in this region. On the other hand, Fig. 7 shows that there is
less interaction of the evaporation of C2 and C3. In addition, the
changing phase occurs until the end of HX2 in base case 2. Therefore, changing of the amount of C2 in the mixture in optimization
will not have a large effect on the evaporation of C3 and vice versa.
Furthermore, the evaporation of individual component occurring
more independently helps the search engine keep moving to a
better solution in the feasible domain.

An optimizer with user-friendly interface was developed in the
Microsoft Visual Studio (MVS) environment. Users can easily set up
the parameter of optimization as an objective function and constraints. The range, step and sequence of variables can also be
changed. The algorithm was coded in MVS and connected to the
Aspen Hysys process simulator via the COM functionality.
The coordinate descent is a non-derivative optimization methodology that is quite popular because of its simplicity (Wright,
2015). They are mostly obsolete because the calculation time for
solving the higher dimension problems increases exponentially.
Nevertheless, the increase in computational speed and multithreading again unleashes the full potential of coordinate descent
optimization methods. In some applications of these methods for
the NG liquefaction optimization problem reported in (Khan et al.
2015; Park et al., 2015), continuous variables were discretized and
ﬁxed variable bounds were chosen. During a univariate search of
the MSMR system, however, the objective is normally a monotonic
function of that variable. Therefore, the local solution of the corresponding variable is often located near a good starting point. Still
searching the whole dimension increases the calculation time and
burdens the methodology unnecessarily. Furthermore, in the
MSMR optimization problem studied by Park et al. (2015), changing
the variables in a wide range may lead to a violation of the desirable
condition and the feasible heat transfer. The success of the methodology depends strongly on a good starting point because it is

T.N. Pham et al. / Journal of Natural Gas Science and Engineering 33 (2016) 731e741

difﬁcult to generate the initial starting points randomly.
The version of coordinate descent optimization algorithm in this
study is based on a univariate methodology, called Coggins algorithm (Mize, 1973). To apply for MSMR process optimization, Coggins was expanded for the multivariate optimization by modifying
the original convergence test (Mize, 1973). Fig. 8 and Table 3 present the conceptual algorithm and the main parameters of the
MSMR optimization, respectively.
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The vectors of the initial point and step size were chosen from
the starting of the optimization procedure. The proposed algorithm
is a multistage iterative method. Each variable is boosted a distance
and the optimizer evaluates the objective function. If the objective
function is enhanced, the search will continue in this direction
otherwise the direction is reversed. The best value is always
updated in the optimization procedure. After the initial step, the
step size is doubled if the objective function is improved and the

Fig. 8. Flow chart of the proposed optimization algorithm.
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Fig. 9. TDCC plots of the two heat exchangers in one loop of the optimization procedure: (a) Phigh decreases; (b) Plow2 increases; (c) zN2, zC1 and zC2 decrease while zC3 increases; (d)
Phigh continues to decrease.

constraints are satisﬁed. If no more improvement is achieved, the
best-known value is set for the current variable and the step size is
halved to continue the next iteration.

The proposed algorithm reduces the computational time signiﬁcantly compared to the classical method using a ﬁxed step. Therefore,
a better optimum can be found by searching for multiple starting

T.N. Pham et al. / Journal of Natural Gas Science and Engineering 33 (2016) 731e741
Table 3
Variable bounds, step sizes, constraints in the optimization of the MSMR process.
Decision Variables

Lower bound

Upper bound

MR Pressure (Phigh) (bar)
Out of MR from HX1 Pressure
(Plow1) (bar)
Out of MR from HX2 Pressure
(Plow2) (bar)
MR MidP Pressure (Pmid) (bar)
Flow rate of N2 (zN2) (kg/h)
Flow rate of C1 (zC1) (kg/h)
Flow rate of C2 (zC2) (kg/h)
Flow rate of C3 (zC3) (kg/h)
Constraints

30.5
7.5

91.1
22.5

1.875

5.625

15.5
0.21
0.45
0.85
1.3
DTmin1  3
DT1  2

46.5
0.63
1.35
2.55
3.9
DTmin2  3
DT2  2

Table 4
Inﬂuence of the variables on the constraints in the optimization of the MSMR
process.
Variables
Phigh
Plow1
Plow2
Pmid

zN2
zC1
zC2
zC3

e
4
þ
2
2


4

DTmin1

DTmin2

DT1

DT2


2
NC
NC
4
þ
þ
4

2
NC

NC
2


2

þ
2
NC
NC
2


2

e
NC

NC
4
þ
þ
4

NC : Not change , ± : Increase / decrease,
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pressure variables were initially optimized and the MR compositions were altered later. Following the proposed search sequence
from the “desirable” starting point, Table 4 shows the inﬂuence of
each variable on the constraints of the optimization. Adjusting the
value of constraints to achieve the desirable starting point in section 5 can also refer to the information in Table 4.
The change in the TDCC plot in the optimization procedure is
presented in Fig. 9. During the optimization procedure, the value of
DT1 and DT2 could be reduced to be less than zero, which causes the
infeasibility of the process. Nevertheless, further improvement of
the objective function cannot be obtained if the values of DT1 and
DT2, being greater than 2  C, are considered as additional constraints because the large number of constraints stop the search
quickly. A suitable search sequence, thus, may help to create an
opportunity for further movements of the variables while the
constraints are still satisﬁed at the optimal result.
The inﬂuence of each variable in the performance of the process
also suggests a manipulation to overcome the infeasibility condition. Subsequently, a “desirable” starting point can be obtained
through several steps. This strategy is actually the reverse procedure of the process optimization. Firstly, the values of DT1 and DT2
were adjusted by changing the ﬂow rate of C3. The amounts of C2,
C1, and N2 in the MR stream were altered sequentially to obtain the
TDCC plot with a stepped shape. Furthermore, the pressure and the
ﬂow rate variables were adjusted until the infeasibility has been
removed. Finally, a good starting point is achieved.

: Not change vigorously.

8. Optimization results
points. These starting points should certainly be adjusted by the
users. In addition, because it does not search along the variable
bounds, the wide ranges of variables investigated could be adapted in
optimization. The role of determining the search space becomes less
important compared to the conventional coordinated algorithms.
7. Selecting a search sequence of variables in the
optimization
In addition to the effects of the decision parameters, several
search sequences of the variables were examined for optimization.
Among the eight decision variables described in Table 3, the pressure parameters are considered to be the structure variables in the
process. Therefore, it is easier to adjust the MR compositions with a
speciﬁc set of these variables in the feasible domain. Therefore, the

Table 5 lists the optimization results of the MSMR process.
Compared to base cases 1 and 2, the results show that the speciﬁc
compression energy consumption can be saved, up to 21.9% and
18%, respectively. The plots of the TDCC in Fig. 10 also illustrates that
there is not much opportunity to improve the objective function
further because of the small gap between the TDCC plot and the
constraint line (AT ¼ 3  C). A starting point cannot always guarantee
a good optimization result originally. On the other hand, regarding
the result of the last run, the ratio of MR component of the starting
point can be adjusted slightly to obtain a better result in the next
run. In particular, the developed algorithm in this study can provide
the optimal results in a short time; therefore, the optimization
engine is adapted easily to work with multiple starting points. The
change in the TDCC plots can be observed to implement any
necessary adjustment for generating a proper initial point.

Table 5
Optimization result of the MSMR process.
Property
Decision variables
MR Pressure (Phigh) (bar)
Out of MR from HX1 Pressure (Plow1) (bar)
Out of MR from HX2 Pressure (Plow2) (bar)
MR MidP Pressure (Pmid) (bar)
Refrigerant composition ﬂow rate (kg/h)
Nitrogen (zN2)
Methane (zC1)
Ethane (zC2)
Propane (zC3)
Constraints
Minimum temperature approach

DTmin1 ( C)

DTmin2 ( C)
Avoiding liquid constraints

DT1 ( C)

DT2 ( C)
Speciﬁc power required for liquefaction (kW/kg LNG)

Base case 1

Base case 2

Optimization result

60.5
13.2
2.0
30.25

60.5
13.2
2.75
30.25

54.83
13.38
4.05
28.45

0.31
0.72
1.465
2.2

0.3050
0.785
1.8
2.35

0.2950
0.68
1.523
2.356

3.009
3.079

8.408
5.204

3.008
3.004

13.47
28.33
0.3354

6.571
4.863
0.3197

8.86
11.98
0.2618

740
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Fig. 10. TDCC plots and composite curves of the optimization result.

The optimization procedure works to achieve a better match
between the hot and cold composite to minimize the energy consumption. This means that the pinch point will be shifted to the
warm end of the TDCC plot at the optimal solution compared to its
location in the base case (shown in Figs. 6 and 10). Therefore, at the
same MR pressure, the optimizer always tries to reduce the light
refrigerants in the MR mixture as much as possible. This normally
leads to a decrease in the ﬂow rates of N2, C1, and C2 and an increase in the ﬂow rate of C3 in the optimization. This implementation will obviously be difﬁcult to carry out if the optimization
begins with an unreasonable condition. Note that because the
MSMR process is designed for offshore plants, the intercooler outlet
temperature of the process model is set to 26  C, whereas this value
is usually about 40  C in onshore plants. When the liquefaction
cycle is located in a hot place, the heavier components (iso-butane
or iso-pentane) should be contained in the MR mixture. It can be
predicted that the required amount of these components will be
increased while the ﬂow rates of the lighter components (N2, C1, C2
and C3) will be decreased in the optimization result compared to
their values in the base case.

9. Concluding remarks
The MSMR cycle is a new and an attracting liquefaction
process for offshore plants, which have a compact design and high
energy efﬁciency. In this study, an effective methodology in the

minimization of energy compression consumption of this cycle is
performed. Because of the complexity of the MSMR process with
highly non-linear characteristics, it is difﬁcult to apply elaborate
algorithms in the optimization process. Therefore, this study focuses on examining the TDCC plots of the main LNG heat exchanger
to understand the effects of each variable on the objective function
and design constraints. Based on this knowledge, a procedure to
choose the “perfect” starting point and the search sequence of
variables for the coordinate descent algorithm was proposed. This
study also developed an effective univariate Coggins algorithm to
reduce the computation time signiﬁcantly. The combination of the
described optimization algorithm and the process knowledge was
successful in reducing the speciﬁc compression energy by 21.9%
and 18% compared to base cases 1 and 2, respectively. The proposed
method can be applied to the robust optimization of other MR
based natural gas liquefaction processes.
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Nomenclature
N2: Nitrogen
C1: Methane
C2: Ethane
C3: Propane
AT: Approach Temperature
NG: Natural Gas
MR: Mixed Refrigerant
MRL: Mixed Refrigerant Liquid
MRV: Mixed Refrigerant Vapor
MSMR: Modiﬁed Single Mixed Refrigerant
MITA: Minimum Internal Temperature Approach
MVS: Microsoft Visual Basic
LNG: Liqueﬁed Natural Gas
TDCC: Temperature Difference between Composite Curves

